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Predicting the net effect of climate change on communities requires understanding how
increasing temperatures alter interactions between predators, herbivores, and plants. Over the last
several decades, warming experiments have provided important information about how species
and their interactions will respond to increasing temperatures. These studies typically examine
climate warming by experimentally increasing temperature at a constant level (24 hours) or
asynchronously during the daytime, relative to unwarmed control treatments. However, advances
in climate models now project that increases in mean global temperatures have been
disproportionately driven by increasing nighttime (minimum) temperatures rather than daytime
(maximum) temperatures. The timing of warming could have important ecological implications.
For example, while night warming could benefit an organism by increasing temperatures towards
a more thermally-optimal environment, day warming could raise temperatures beyond a thermal
optimum and induce heat-stress. Consequently, mismatching the timing of warming in
experiments relative to actual temperature changes could generate misleading predictions about
the effects of climate warming. My dissertation has evaluated climate-warming experiments by
characterizing past methods, demonstrating present methods, and providing a foundation for future
studies. I conducted a meta-analysis on past terrestrial predator-prey climate warming studies that

revealed experimental temperatures rarely match model projections, and the magnitude of this
mismatch correlated with increased changes in measured effects. Two experiments, one focused
on predator functional traits and the other trophic cascades, showed that different types of warming
treatments result in different effects of climate change. The context dependency of warming effects
necessitates careful consideration of experimental treatments if studies are to accurately predict
the effects of climate warming. Region specific climate data are now readily available. Moving
forward, ecologists can use these models to inform their warming treatments and perform
experiments with the highest level of realism.
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CHAPTER I
CONTRASTING THE POTENTIAL EFFECTS OF DAYTIME VERSUS NIGHTTIME
WARMING ON INSECTS
Article Citation: Speights, C. J., Harmon, J. P., & Barton, B. T. 2017. Contrasting the potential
effects of daytime versus nighttime warming on insects. Current opinion in insect science,
23, 1-6.
1.1

Abstract
Mean increases in temperatures associated with climate change are largely driven by

increases in minimum (nighttime) temperatures; however, most climate change studies
disproportionately increase maximum (daytime) temperatures. We review current literature to
compare the potential effects of increasing daytime and nighttime temperatures on insects and their
interactions within ecological communities. Although few studies have explicitly addressed the
effects of nighttime warming, we draw from broader literature on how insects are affected by
temperature to identify possible mechanisms that the timing (day or night) of warming may affect
insects. Specifically, we discuss daily temperature variation, thermal performance curves, behavior
and activity patterns, nighttime recovery from hot days, and bottom-up effects mediated by plants.
While limited, the existing evidence suggests nighttime and daytime warming can have different
effects, and thus we encourage scientists to use the most realistic warming treatments possible to
truly understand how insects and their communities will be affected by climate change.
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1.2

Introduction
Mean global surface temperatures have been increasing since the last century and are

expected to increase an additional 2-4°C by the end of the 21st century (IPCC 2014). However,
the way in which mean daily temperatures increase can be driven by several different patterns of
warming (Thompson et al. 2013). First, temperatures could increase by the same amount uniformly
throughout a 24-hour cycle. Thus, mean temperature may increase but there would be no effect on
daily temperature variation (DTV; the variation in temperature that organisms experience through
the day; Figure 1.1). Alternatively, warming may occur asymmetrically throughout a 24-hour
cycle. For example, the majority of warming could occur during the daytime, with nighttime
temperatures increasing little or not at all. In this case, mean temperature would increase, as would
DTV. This approach is common in warming studies because 1) many experiments use solar energy
to manipulate temperature treatments (e.g., greenhouse effect or shading to create cooled
conditions), or 2) researchers are specifically interested in the effects of increasing frequency of
extreme heat events. While there is much evidence to demonstrate that increases in the frequency
of extreme heat events and the associated increase in DTV have important ecological consequences
(see Stoks et al. 2017), elevated daytime temperatures are not driving the general trend of
increasing mean global temperatures. Instead, historical datasets and models suggest that mean
temperatures are increasing through a third mechanism, where nighttime temperatures are
increasing at a faster rate than daytime temperatures (Vose et al. 2005, IPCC 2014, Davy et al.
2017). Although daytime and nighttime warming could produce the same increase in mean daily
temperature, nighttime warming will decrease DTV and may differ from daytime warming in other
ecologically important ways.
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While increasing nighttime temperatures may be driving much of global warming, this
detail is largely ignored in ecological studies, often “for the sake of simplicity” (Kutz et al. 2005).
To illustrate this point, we reexamined papers from a recent review on climate change and trophic
interaction experiments (Barton 2017), and found that none of the 158 studies on temperature
effects considered nighttime warming (but see Vangansbeke et al. (2015a), which manipulated
DTV in a way that is informative about the effects of nighttime warming). Most warming studies
examined the effects of uniform warming or daytime-biased warming. In other words, to study the
effects of a 2.5℃ increase in mean temperature, most studies would either increase temperatures
2.5℃ above ambient throughout the entire day, or increase daytime temperatures (e.g., 06:00 to
18:00 h) by 5℃ with no change during the night. While these studies are informative about the
effects of elevated temperatures and extreme heating events, they may be less informative about
the effects of chronic increases in mean temperature that are driven by warming nights associated
with climate change.
1.3

Reasons why the effects of daytime and nighttime warming may differ
To explore why and when the timing of warming may matter, we briefly review some of

the ideas and evidence already established about how insects respond to temperature. Specifically,
we address daily temperature variation (DTV); non-linear temperature performance curves
(TPCs); the role of nighttime as a heat stress recovery period; how behavior and activity patterns
vary throughout the day; and the indirect bottom-up effects mediated by plants.
1.3.1

Daily temperature variation (range)
In recent years, the entomological literature has focused on the effects of increasing daily

temperature variation (DTV), sometimes referred to as daily temperature range (DTR) (Chen et al.
3

2015, Ehelepola 2015, Kingsolver et al. 2015, Vangansbeke et al. 2015a, Vangansbeke et al.
2015b, Xing et al. 2015). Many of these studies change temperature by increasing Thigh and
decreasing Tlow by the same amount, which alters DTV but keeps mean temperature constant
among DTV treatments (Chen et al. 2015, Kingsolver et al. 2015, Vangansbeke et al. 2015a,
Vangansbeke et al. 2015b, Xing et al. 2015). While in general they do not explicitly express interest
in nighttime warming, these experimental designs can provide some insight into how daytime and
nighttime warming may have different effects on insects and their communities.
The effects of increasing DTV are highly context dependent, but a large amount of
literature demonstrates that increasing DTV has ecologically-relevant consequences for insects
(see Stoks et al. 2017 for a thorough review of the current literature). Increasing DTV can directly
affect insects, altering performance traits such as metabolic rate, body size, life span, fecundity
and more (Colinet et al. 2015). Additionally, increasing DTV can affect a wide variety of
interactions, including competition (Davies et al. 2016), predation (Vangansbeke et al. 2015a,
Vangansbeke et al. 2015b), herbivory, and symbiosis (Stoks et al. 2017). Since increasing DTV
has been shown to affect insects and their interactions in many ways, it stands to reason that
nighttime warming, which decreases DTV, is also likely to affect those interactions, but in different
ways. However, this hypothesis remains untested.
1.3.2

Temperature (thermal) performance curves
The effects of temperature on trait performance can be conceptualized using thermal

performance curves (TPCs) (Huey and Stevenson 1979). The relationship between a given trait
(e.g., feeding rate, body mass, survivorship, etc.) and temperature usually takes the shape of an
asymmetrical curve, gently rising from a minimum critical temperature (CTmin) to a thermal
optimum (Topt) then decreasing rapidly towards the maximum critical temperature (CTmax)
4

(Sinclair et al. 2016) (Figure 1.2). TPCs reveal several reasons that insects may be affected
differently by daytime and nighttime warming. First, due to the nonlinear nature of TPCs, the
magnitude of a warming effect may differ at different temperatures because the slope of the curve
is not constant. Thus, changing temperatures near CTmin may have less of an effect on performance
than increasing temperatures near Topt, where the slope of the line is generally steeper. Second, the
direction of the effect (positive or negative) may differ at different temperatures. Increasing low
temperatures (Tlow) may increase trait performance by moving away from CTmin and towards its
Topt, while the same magnitude of warming for high temperatures (Thigh) could quickly push an
individual over Topt and towards (or beyond) their CTmax (Figure 1.2), where they are unable to
survive or reproduce (Economos and Lints 1986).
Explicit tests of the different effects of daytime and nighttime warming on insects are
important, but currently lacking in the literature. However, some evidence related to TPC can be
found by reexamining data from papers not explicitly interested in nighttime warming. Kingsolver
et al. (2015) conducted a detailed study of how DTV effects tobacco hornworm (Manduca sexta)
development. However, because their treatments covered a range of DTV and mean temperatures,
we can reevaluate some of their data to learn more about the effects of increasing maximum and
minimum temperatures. Their data show that increasing mean temperature by 5℃ can have
different effects depending on how the mean is increased (i.e., increasing Tlow or Thigh), as well as
the initial mean temperature being warmed (i.e., increasing 20℃ to 25℃ had different effects than
25℃ to 30℃). Specifically, when increasing mean temperature from 20℃ to 25℃, tobacco
hornworms that were warmed during the night reached 5th instar >6 days earlier than those
warmed during the day. However, when increasing mean temperature from 25℃ to 30℃, daytime
and nighttime warming had similar effects, with tobacco hornworms reaching 5th instar 3.5 days
5

and 3.2 days earlier than controls, respectively. Thus, not only can daytime and nighttime warming
have different effects on insects, these effects are context dependent and can change at different
absolute temperatures as predicted by the asymmetrical TPC.
Other examples come from indirect observations and support the hypothesis that increasing
nighttime temperatures can benefit insects. Ziska (2014) compared pesticide use in commercial
soybean fields across a north to south transect in the mid-western United States and showed that
pesticide use increased with average minimum temperature. Under the assumption that increased
pesticide use reflects conditions that are more optimal for pests (i.e., higher growth rates and
population densities), these results suggest that increasing Tlow may create environments that are
closer to the insect pest’s thermal optimum, thereby promoting pest outbreaks.
1.3.3

Behaviors and activity patterns
Global change studies chronically ignore behavior (Harmon and Barton 2013). However,

time-specific behaviors and activity patterns may mediate the effects of warming on an organism
and alter interactions with other species. Most obvious may be the comparison between nocturnal
and diurnal species. Just as suggested by Vickerman and Sunderland (1975), who showed that
taking diurnal measurements on nocturnal predators would produce misleading results, so too may
mismatching the timing of warming and an animal’s activity patterns. For example, if a species is
active during the warmed period, warming may be more likely to affect important ecological
interactions (e.g., feeding, parasitism, pollination) than if the organism is inactive during the
warming period.
Even if increasing nighttime temperatures makes the thermal environment more optimal,
the organism may be unable to respond as predicted by a TPC because it is constrained by other
factors, such as circadian rhythm or light availability if a consumer relies on visual cues to find
6

prey (Harmon et al. 1998). Activity patterns of other organisms, however, may be completely
driven by temperature (Fraser et al. 1993, Jayatilaka et al. 2011), so that the timing of warming
changes when they are active. In a community context, if species respond to different cues, the
timing of warming could have nuanced differences in how species overlap in time and space,
thereby altering community-level interactions and ecosystem services (Barton and Schmitz 2009,
Boggs 2016, Schmidt et al. 2016, Sherwood et al. 2017).
1.3.4

Heat stress recovery period
Although TPCs suggest that nighttime warming may benefit insects by moving the thermal

conditions away from CTmin and towards Topt, many species rely on low nighttime temperatures to
recover from daytime heat stress (Colinet et al. 2015). Low nighttime temperatures may serve as
important temporal refuges whereby insects can recover from daytime heat loads. However, as
nighttime temperatures increase, insects may be unable to recuperate from daytime temperatures.
Thus, the effects of nighttime warming may exacerbate the effects of extremely hot days.
A recent example of this comes from Zhao et al. (2014), who demonstrated that increased
nighttime temperatures had negative effects on grain aphids (Sitobion avenae). Specifically, they
tested the effects of nighttime warming after exceptionally hot days. They used programmable
environmental chambers to create daytime temperatures that increased from 27°C in the morning
to 35°C in the midday, then back to 27°C in the evening, before dropping to one of six different
levels at night (13, 16, 19, 21, 23, or 25°C). Warmer nighttime temperatures decreased aphid
survival, adult performance, and population growth rates. While many other studies predict
increased pest outbreak due to increasing average temperatures (Ziska 2014, Ju et al. 2015), Zhao
et al. (2014) provide evidence that this may not be true, because nighttime warming is detrimental
to these aphids, at least on particularly hot days. Zhang et al. (2014) found a similar pattern with
7

spruce budworm (Choristoneura fumiferana) and other herbivorous forest insects. Although they
did not directly measure insect responses, they showed that defoliation and tree mortality
decreased significantly with minimum temperatures. Together, these two examples show how
increasing nighttime temperatures may have negative effects on insect herbivores, thus generating
positive indirect effects on plants.
1.3.5

Bottom-up effects
Although relatively few studies have investigated the effects of nighttime warming on

insects, more effort has been aimed at understanding how plants are affected (Balducci et al. 2014,
Deslauriers et al. 2014, Li et al. 2014, Slot et al. 2014, Xie et al. 2014, Fan et al. 2015, Fang et al.
2015, Ge et al. 2015, Mu et al. 2015, Peraudeau et al. 2015, Yang et al. 2016). While plant-insect
interactions were not the focus of those papers, many of the responses of plants would likely have
indirect effects on herbivores, pollinators, and other plant-insect interactions within a community.
For example, some plants flower at times that maximize their interactions with the most efficient
pollinators, specifically opening during the night to maximize nocturnal pollinator visits (Young
2002). However, an asymmetric warming can decrease nectar volume (Mu et al. 2015), suggesting
that plant responses to nighttime warming could create bottom-up effects that influence pollinator
populations.
Not all studies, however, have reported differences between plants in daytime and
nighttime treatments. One example, Fang et al. (2015) experimentally warmed winter wheat plots,
and found that constant (daytime and nighttime warming) and nighttime-only warming did not
have different effects on yield, biomass, plant height, or harvest index. Similarly, Yang et al.
(2016) showed that neither daytime nor nighttime warming had an effect on plant communities
(percent cover and species richness) during years with normal precipitation levels. However,
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nighttime warming enhanced plant community resistance to drought conditions relative to ambient
and daytime warming treatments. Thus, Yang et al. (2016) importantly demonstrate not only that
daytime and nighttime warming treatments can have different effects, but that those effects can
depend on other components of climate change.
1.4

Moving forward
Predicting the effects of climate change on insects and their interactions within ecological

communities is challenging, but if ecologists are to accomplish this goal it is essential that studies
accurately test the environmental conditions that are predicted for the future. Species interactions
and community-level effects of altered abiotic conditions are often context dependent (Laws and
Joern 2015). So, when experimental treatments do not reflect future conditions (or at least our best
approximation given current data) it is entirely possible that the results will be misleading. In a
best-case scenario, those misleading results still provide biologically-relevant information on the
effects of a given abiotic factor, even if it does not accurately predict the effects of climate change.
In a worst-case scenario, if conservation and management actions are based on misleading results,
our ill-informed actions could exacerbate the negative effects of climate change.
Moreover, we encourage scientists to not only consider the effects of nighttime-driven
climate warming, but how those warming effects interact with other aspects of climate change.
Most climate change studies focus on temperature, with significantly fewer studies of the effects
of altered atmosphere and soil chemistry (Harmon and Daigh 2017), changing precipitation and
snow regimes (Penczykowski et al. 2017), changing wind speed (Barton 2014, Cherry and Barton
2017) or the many other components of global change (Rosenblatt et al. 2017, Barton 2017).
However, those studies that have examined multiple factors repeatedly report unexpected effects.
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Thus, if we are to understand how insects and their communities will respond to climate change,
it is essential that our experiments incorporate the important yet subtle nuances of climate change.

10

TEMPERATURE
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Day

Night

WARMING

TIME
Figure 1.1

Ambient 24-hr

Relative to an ambient diurnal temperature cycle (thick grey line), mean daily
temperature (indicated with a  on the DTV plot) can be increased in several
ways.

*Temperatures can be warmed above ambient by a constant amount (solid black line), which
does not change daily temperature variation (DTV) relative to ambient. Many climate change
studies disproportionately increase daytime temperatures (e.g., 6am to 6pm; dotted red line),
which increases daily temperature variation (DTV) experienced by an insect. In contrast, much
of climate warming experienced during the 20th century and that forecasted for the future has
been driven by disproportionately increasing nighttime temperatures (e.g. 6pm to 6am; dashed
blue line), which decreases DTV.
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PERFORMANCE

Topt

CTmin

CTmax
Tlow

Tlow+ X° Thigh

Thigh+ X°

TEMPERATURE
Figure 1.2

Increasing daily high versus low temperatures could have different effects on an
individual’s performance due to the asymmetric shape of temperature performance
curves (TPCs).

*An increase in Tlow by an amount, X°, pushes an individual away from their minimum critical
temperature (CTmin), and towards their thermal optimum (Topt). This has an effect on the trait
performance (blue arrows). Alternatively, an increase in Thigh by the same amount, X°,
potentially pushes an individual past their Topt towards (or past) a maximum critical temperature
(CTmax), with negative effects on trait performance (red arrows).
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CHAPTER II
POORLY-WARMED FOOD WEBS: CLIMATE WARMING EXPERIMENTS DO NOT
MATCH CLIMATE PROJECTIONS
2.1

Abstract
Climate-warming experiments are an increasingly popular avenue of research because

small increases in global mean temperature can cause changes to species and their interactions.
While our predictive ability to understand changes in the Earth’s temperature has only increased
in recent years, a disproportionate amount of climate warming studies focus on unrealistic levels
of temperature change as opposed to testing actual model projections. Increases in global mean
temperature are typically driven by asymmetric warming, or an increase in minimum or maximum
temperatures at a faster rate than the other. This subtle nuance in temperature increases is likely to
impact our understanding of species interactions as increasing maximum temperatures can lead to
different effects than increasing minimum temperatures. Thus, we evaluated the temperature
treatments of terrestrial predator-prey climate warming studies throughout the peer-reviewed
literature. We used a global circulation model (GCM) to determine if experimental manipulations
are consistent with projected changes. Additionally, we determined how deviations from projected
warming influenced experimental results. Climate warming studies were conducted primarily in
the northern hemisphere, in locations where maximum temperatures are expected to increase at a
faster rate than minimum temperatures, and during the northern hemispheres growing season
months (April – September). Experiments used higher minimum and/or maximum temperatures
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anywhere from 45-85% of the time depending on the warming scenario, and increased deviances
between experimental and projected temperatures correlated with larger reported effects between
ambient and warming treatments. Our results validate a need for increased terrestrial predator-prey
climate warming studies in which temperature treatments reflect projected environment change
and represent the full spectrum of climate warming possibilities (e.g. constant-, day-, and nightwarming).
2.2

Introduction
Earth’s climate is projected to transform significantly during this century, triggering

changes that flow throughout ecological communities. Recent work has shown that small increases
in mean temperature can alter species interactions (Leemans and Eickhout 2004). However, mean
temperature is changing in different ways in different locations (Davy et al. 2017), which could
alter our understanding of species response to climate warming (Colinet et al. 2015). To resolve
some of this uncertainty and increase our predictive understanding of the effects of climate change,
recent decades have seen an increase in ecological studies on the effects of climate warming
(Barton 2017).
Experiments are an important method for understanding climate warming because they can
occur over short periods of time, control for additional abiotic factors, and are easily replicated
and randomized, all of which are difficult to do in observational studies. Along with theory and
mathematical modelling, experimental results can increase our understanding of global issues that
are in need of immediate management decisions (Benton et al. 2007). Much of our understanding
of climate change effects on food webs comes from experiments, but it is unclear if experiments
are conducted in ways that match projections from climate models. The power of these models to
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project changes to the Earth’s temperature has only increased in recent years and region-specific
climate data are now readily available (e.g. global circulation models (CGM)). However, if
ecologists wanting to conduct climate-warming experiments fail to use these models to inform
their warming treatments, the results could be misleading.
Occasionally experiments may not use climate-specific warming treatments because
researchers are testing more general hypotheses about the effects of temperature, and therefore
they use static temperatures (e.g. one temperature throughout a 24-hour cycle) or constantwarming treatments (e.g. warming constantly throughout a 24-hour cycle) (MacRae and Croft
1993, Sengonca and Arnold 2003). In the field, experimental design determines the type of
warming treatment. Field sites often lack electricity, requiring scientists to use passive warming
techniques. These approaches tend to create asymmetrical warming (Speights et al. 2018). For
example, open top chambers use solar energy to generate a greenhouse effect that
disproportionately increases maximum temperatures (e.g. day warming). Other experimental
approaches increase average temperature with covers at night or related insulation methods that
trap heat and elevate minimum temperatures (e.g. night warming) (Beier et al. 2004).
Although each warming scenario (e.g. constant, day, and night) may create the same mean
warming, the way in which warming occurs across a 24-hour cycle may mediate the net effects on
the community (Speights et al. 2017). For example, a rise in minimum temperatures could have
strikingly different effects on terrestrial ectotherms than a rise in maximum temperatures (Sinclair
et al. 2016). Little empirical evidence exists comparing the effects of different warming scenarios
on ecological interactions. Our current understanding on this topic stems from plant literature,
where results are inconclusive. Some studies report no differences in the effects of day and night
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warming (Fang et al. 2015), while others found substantial changes (Ge et al. 2015). Because
higher trophic levels tend to be more sensitive to climate warming (Voigt et al. 2003, Ripple and
Van Valkenburgh 2010), they may also be more sensitive to specific warming scenarios. Indeed,
in the only two direct comparisons of different warming scenarios with predators that we can find
(Barton and Schmitz 2018, Speights and Barton 2019), day and night warming produced strikingly
different results on the ecosystem.
Our goal was to characterize the treatments used in warming experiments involving
predator-prey interactions. We aimed to gain a better understanding of how similar experimental
warming treatments are to the projected warming of each study location. Further, we investigated
how deviating from projections generated by GCMs influenced the magnitude of experimental
results. We performed a systematic search for literature to test the hypothesis that warming
scenarios in these studies would differ from GCM projections and that larger deviations from the
GCM projection would result in larger effect magnitudes. Our findings will help researchers
conduct more robust climate change studies and shed light on potentially misleading experimental
results that inform conservation and management strategies.
2.3

Methods
In October 2017, we used the Scopus search engine to review the literature for climate-

warming experiments that evaluated predator-prey interactions in terrestrial ecosystems. The
specific search terms were (warming OR temperature) AND (trophic or “food web” or “predatorprey”). We limited our search to include only peer-reviewed articles and excluded those that
reported marine and aquatic keywords (phytoplankton, zooplankton, algae, fish, and marine
ecosystem). Our review and analyses were restricted to experiments that manipulated temperature
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directly (e.g., heaters) as opposed to experiments that used temporal or spatial temperature
manipulations. Specifically, each article had to record a predator-prey interaction in the same
location and time period under both control and warmed conditions. We reviewed abstracts and
found 82 articles that met our criteria.
Some studies that met our criteria were not conducted specifically to understand climate
warming. Instead, they investigated temperature effects on predator-prey interaction for alternative
reasons, such as how temperature change affects the efficacy of biological control agents (e.g. Rott
and Ponsonby 2000). Therefore, each research article was first determined to either be a climate
warming study or have alternative research goals. Climate warming studies referenced future
warming projections and framed a portion of their introduction around this idea. Because we
wanted to characterize climate change literature, only extracted additional information about
experimental design from climate warming studies.
Climate-warming experiments were described as using either static-, constant-, day-, or
night-warming treatments. We classified each experiment based on the studies reported maximum
and minimum average temperatures. If a study did not report these data, the authors were contacted
to request the data. We defined static-warming treatments as those that used the same maximum
and minimum temperatures for ambient and elevated environments (e.g. 24℃/24℃ and
28℃/28℃). Constant-, day-, and night-warming treatments all had different maximum and
minimum temperatures. Constant-warming treatments increased each temperature at the same rate
(e.g. 20℃/24℃ and 24℃/28℃), day-warming treatments increased maximum temperatures at a
higher rate than minimum temperatures (e.g. 20℃/24℃ and 22℃/28℃), and night-warming
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treatments increased minimum temperatures at a higher rate than maximum temperatures (e.g.
20℃/24℃ and 24℃/25℃).
Each experiment was categorized as either a laboratory or field study. We further
characterized field studies as either passive or active. Passive techniques use trapped solar
radiation to alter temperatures, while active methods typically require some form of electricity.
Treatments that manipulated temperature by cooling, which only occurred in one paper (Laws and
Joern 2013), were excluded. We determined field experiment locations using geographic
coordinates. If coordinates were not reported then we used the nearest referenced city or landmark
as the study location. For laboratory experiments, we recorded either the predator collection site,
prey collection site, or laboratory as location. The date for each experiment was recorded as one
month out of the year. Experiments spanning multiple months are represented by the median (e.g.
June-August was reported as July).
Each study estimated an effect of warming by evaluating a predator-prey interaction under
ambient and warmed conditions. Due to the wide variety of measured variables among
experiments (e.g. prey density, prey survival, plant biomass), we recorded warming effect as the
absolute percent change between the ambient and warming treatments (percent change = (heated
– control) / control * 100). We extracted these data from the text or figures with Plot Digitizer.
We obtained the monthly current and projected minimum and maximum temperature for
each experiment’s location from a Global Circulation Model (GCM) on the WorldClim database.
GCMs on the WorldClim database provide current and projected temperatures with high spatial
resolution (900 m by 740 m grid cells). We chose GCM CCSM4, which had the minimum and
maximum temperatures for all four Representative Concentration Pathways (RCPs) for the years
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2050 and 2070. The IPCC’s range of a 2-4°C increase in global temperatures exists because the
four different RCPs make different projections based on greenhouse gas emissions and land use
(Moss et al. 2010). These include emission scenarios with high (RCP2.6), intermediate (RCP4.5
and RCP6.0), and low mitigation strategies (RCP8.5) (IPCC 2014). Additionally, CCSM4
accurately reproduces the annual minimum and maximum daily maximum surface air temperatures
and annual minimum and maximum daily minimum surface air temperatures (Flato et al. 2013).
All GCM data were imported into ArcGIS. We used the raster calculator to determine the
projected minimum and maximum increase for each month in 2050 and 2070. Projected increases
were determined by subtracting the current temperature from the projected temperature (e.g. “2070
RCP 2.6 July Min Temp” – “Current July Min Temp”). The identify tool was used on the newly
created layer to find the projected temperature increase for each study’s location. The projected
minimum- and maximum-temperatures were then used to determine a projected type of warming
(e.g. constant, day, or night) for each location. Projected warming-type was determined by
subtracting the minimum projected increased from the maximum projected increase (e.g. “2070
RCP 2.6 July Max Temp Projected Increase” - “2070 RCP 2.6 July Min Temp Projected
Increase”). Positive differences (maximum > minimum) predicted faster daytime warming,
negative differences (maximum < minimum) predicted faster nighttime warming, and no
differences (maximum = minimum) predicted constant warming. This method was applied to the
northern and southern hemispheres to evaluate projected type of warming for all land masses. No
data were available for Antarctica and therefore Antarctica is not represented in land mass totals.
We plotted the projected increases in temperature against experimental increases to
determine the percentage of studies that used warming treatments not representative of future
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climate scenarios. Data points were described as being either above, below, or on an identity line,
which represented experimental temperatures being above, below, or equal to projected
temperatures. We determined the residual (distance from data point to identity line) for each data
point. The residual was plotted against the log of absolute percent change of each measured effect
to evaluate if temperature deviation had an effect on experimental results. This relationship was
analyzed using a linear mixed-effect model in the R statistical programing environment (R Core
Team 2016). We used the log of absolute percent change as our explanatory variable, the residual
as a fixed effect, and study as a random effect. We considered study a random effect in our model
to account for different experiments reported in the same study. Inferences from the models are
based on likelihood ratio tests comparing models with and without the specific predictor variables.
2.4

Results
Our search identified 82 studies that evaluated terrestrial predator-prey interactions under

warmed conditions (Table A.1). The 82 studies were conducted within 24 countries (Fig. 2.1). The
United States of America (USA) had the highest representation with 28 studies, while China and
Canada followed with eight studies each. Of the 82 articles that met our criteria, only 27 studies
were focused on climate warming. The remaining articles had alternative research goals.
Temperature manipulations in these studies were conducted to understand ideas such as species
thermal limits (e.g. Korenko et al. 2010), which often connected to their potential as a biological
control agent in a new environment (e.g. Pekár and Hubert 2008).
The 27 climate warming studies were conducted within 8 countries with the highest
representation again from the USA (15), Canada (3), and Germany (3). Of the 27 studies focused
on climate warming, a similar number were conducted in laboratory (14) and field (13)
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environments. Field studies used both passive (10) and active (3) techniques to produce climate
warming treatments. While some experiments spanned multiple months, the median month when
most were conducted fell primarily in July (18 studies), with the remaining occurring during
August (3), September (2), January (1), April (1), May (1), and June (1). Each type of warming
was represented within the 27 climate warming studies with constant (10) the most common,
followed by day (9), static (7), and night (1) (Fig. 2.2).
For RCP 2.6 and 8.5, there were 7 climate warming studies that used a temperature
manipulation that matched their location’s projected 2050 warming scenario (Fig. 2.2). The 2070
projected warming scenarios were matched by 7 and 8 studies for RCP 2.6 and 8.5. Climate
warming studies were predominately conducted in areas where the projected warming scenario is
day-warming for both 2050 (23 and 24 for RCP 2.6 and 8.5) and 2070 (22 and 25 for RCP 2.6 and
8.5).
During the growing season for the northern hemisphere (April-September), approximately
10, 54, and 36% of the land is expected to have either constant-, day-, or night-warming
temperatures. During the growing season for the southern hemisphere (October-March),
approximately 15, 58, and 26% of the land is expected to have either constant-, day-, or nightwarming temperatures (Fig. 2.3).
When comparing the differences between projected and experimental temperatures,
warming treatments used elevated maximum temperatures (79.6, 85.9, 67.1, and 53.1%) more
often than minimum temperatures (71.8, 73.4, 60.9, and 48.4%) for each warming scenario (RCP
2.6: 2050 and 2070, RCP 8.5: 2050 and 2070) (Fig. 2.4).
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For each year and scenario combination, studies whose temperatures deviated more from
projected temperatures had a greater percent change between ambient and warming treatments (all
P’s < 0.01) (Fig. 2.5).
2.5

Discussion
Scientific research continues to place an extensive focus on climate warming, yet we show

that most experimental warming treatments do not reflect the asymmetric-warming patterns
projected for 75% of the Earth’s land mass. To that end, we identified existing challenges and
ways forward for climate-warming experiments. Specifically, we describe spatial, temporal, and
experimental design biases that likely contributed to this temperature mismatch.
Our review of the literature revealed a geographic bias in terrestrial predator-prey climate
warming studies. We found that the majority of experiments in our review were conducted in the
northern hemisphere, especially North America and Europe. Geographic biases are not uncommon
in the literature (Kordas et al. 2011, Marino et al. 2018). For example, a recent meta-analysis
involving over 1000 global change experiments on terrestrial carbon-cycling recognized several
underrepresented regions (e.g. semi-arid) and ecosystems (e.g. forest and tundra) in their study
(Song et al. 2019). Insufficient global coverage has restricted experiments to certain biomes and
anthromes, which limits the theoretical expandability of our understanding on how climate
warming will influence species interactions (Kordas et al. 2011). Moving forward, it would be
beneficial for scientists to conduct climate-warming experiments in underrepresented parts of the
world.
Most experiments occurred during the summer growing months. However, global warming
has the potential to create new, or change existing, species interactions in autumn and spring
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(Gallinat et al. 2015). Warming winter months could improve the overwintering conditions of
predator or prey species, which subsequently could influence their species interactions in later
seasons (Musolin 2007). Furthermore, studies have shown that the strength of predator-prey
interactions can differ based on season (Basille et al. 2013). The lack of seasonal representation in
these experiments has the potential to create a temporal bias in our interpretations of the net effects
of climate change.
Experiments predominantly took place in locations that are projected to experience daywarming conditions, and, not surprisingly, our review found that many experiments used daywarming treatments. Most of the experiments that used day-warming treatments were field studies,
despite the detailed difficulties of conducting different types of warming outdoors compared to
laboratory studies involving climate-controlled chambers (Speights et al. 2018). Laboratory
experiments are an important first step in dissecting how different aspects of climate change will
impact future species interactions. They have the ability to control temperature and other abiotic
factors more precisely than in the field, which allows researchers to tackle questions about nuanced
differences in environmental change. This suggests that the potential for laboratory studies to
conduct different types of warming experiments exists but is underutilized.
Our review documented four different types of warming treatments, yet we found that
depending on scenario, anywhere from 70-74% of the climate-warming experiments did not use
the type of warming treatments projected by the GCM for their location. Depending on scenario,
the reported minimum and maximum experimental temperature increases were larger than the
GCM projected increases anywhere from 45-85% of the time. Temperature treatments in
experiments tended to align more closely with projected temperatures from 2070 high emissions
27

scenarios. We found that the degree of temperature mismatch correlated with increased changes
in measured effect. Specifically, larger deviations from projected temperatures were associated
with an increase in percent change between ambient and elevated measured effect. Articles that do
not specifically report what warming scenario they are trying to mimic, could result in readers
misinterpreting the effect magnitude of climate warming on species interactions.
Another challenge we encountered throughout this review, was that most field studies did
not provide detailed information on daily temperature patterns. These studies tended to only report
mean temperatures even though their methods often produced asymmetrical warming (e.g. Barton
et al. 2009, Barton and Schmitz 2009). This could lead a naive reviewer to assume the study
conducted a constant-warming experiment instead of a day-warming experiment. There is growing
evidence that variation in daily temperature fluctuations influences species and their interactions
(Paaijmans et al. 2013, Stoks et al. 2017). As such, reporting temperature profiles throughout a 24hour cycle should become routine so researchers have a complete understanding of experimental
design (for an example see Laws and Joern 2013).
Our results align with previous reviews that show experimental temperatures do not match
predicted temperatures (Wolkovich et al. 2012, Korell et al. 2019, Song et al. 2019). While our
review focused on predator-prey interactions, we expect that these general patterns will hold true
for other types of ecological climate-warming experiments (e.g. herbivore-plant and plantpollinator). We encourage all future climate warming studies to be intentional when choosing
temperature treatments and aware of warming limitations based on experimental design. GCM
climate projection data for specific locations and times of year are freely available online from
WorldClim (https://www.worldclim.org/) and can be consulted to motivate warming treatments.
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While a lot of great work has been done to understand how warming affects ecological interactions,
the predictive power of climate change science can be improved by diversifying when and where
experiments are conducted, and using treatments that reflect model projections.
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Figure 2.1

The locations of the 82-terrestrial predator-prey warming studies.

* White dots represent studies that were explicitly focused on understanding the effects of climate
change (27) and black dots represent studies that manipulated temperature for other research goals
(55). Grey countries (8) had at least one climate warming study, brown countries (18) were only
represented by studies with alternative research goals, and white countries had no studies.
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Figure 2.2

The maximum and minimum predicted temperature increases for each of the 27
climate warming article locations.

* The maximum and minimum projected temperature increases for each of the 27 climate warming
article locations for the year 2050/2070 under a low (RCP 2.6) and high (RCP 8.5) emission
strategy. Points above the line represent locations projected to experience faster nighttime
warming, below the line projects faster daytime warming, and centered on the line projects
constant-warming conditions. The color of the points represents the ‘timing’ of warming actually
used in each experiment (black=constant, red=day, blue=night, and gray=static).
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Figure 2.3

Warming predictions for the northern and southern hemispheres.

* Percentage of land in the northern and southern hemispheres that is projected to have daytime
warming (max > min temps, red), nighttime warming (max < min temps, blue), and constant
warming (max=min temps, yellow) for the year 2050/2070 under a low (RCP 2.6) and high (RCP
8.5) emission strategy.
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Figure 2.4

Comparison of the actual experimental increase in temperature for each of the 27
studies and the predicted increase in temperature.

* Comparison of the actual experimental increase in temperature for each of the 27 studies and the
projected increase in temperature for the year 2050/2070 under a low (RCP 2.6) and high (RCP
8.5) emission strategy. Points above the line identify studies that used experimental temperatures
higher than the projected temperatures and points below the line represent experimental
temperatures lower than the projected temperatures. Points centered on the line represent
experimental temperatures consistent with projected temperatures. The color of the points
represents the ‘timing’ of warming actually used in each experiment (black=constant, red=day,
blue=night, and gray=static). A portion of the 27 studies had multiple warming treatments. Each
treatment of each study is given a point on these figures (n=62).
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Figure 2.5

Comparison of residuals and absolute percent change of the measured effect.

* Comparison of residuals and absolute percent change of the measured effect for the year
2050/2070 under a low (RCP 2.6) and high (RCP 8.5) emission strategy. Lines represent
projected percent change and the corresponding envelopes represent 95% confidence intervals.
Individual points represent the raw data. For each scenario, increased residuals increased
absolute percent change of the measured effect (all p’s < 0.001).
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CHAPTER III
TIMING IS EVERYTHING: EFFECTS OF DAY AND NIGHT WARMING ON PREDATOR
FUNCTIONAL TRAITS
Article Citation: Speights, C. J., & Barton, B. T. 2019. Timing is everything: Effects of day and
night warming on predator functional traits. Food Webs, 21, e00130.
3.1

Abstract
Global mean temperature is increasing; however, when evaluated on a local scale, much of

the documented warming is happening asymmetrically, with temperatures increasing either during
the day or at night. Yet, most experimental studies increase temperatures constantly throughout a
24hr day, or disproportionally during the daytime, which could lead to a mismatch between
evaluated and predicted warming. We conducted three experiments to evaluate how timing of
warming (constant, day, or night) influences development, predation, and respiration rates of
predators. Lady beetles were reared from egg to adulthood in one of four different temperature
treatments. Next, we compared aphid consumption rates by adult lady beetles that were reared in
different conditions. Finally, all individuals were exposed to a single similar temperature to
evaluate respiration rates. Warming treatment affected many of the measured predator traits,
including hatching success, development times, predation rates, and respiration rates, but the
direction and magnitude of effects differed among traits measured. Our results demonstrate that
the timing of warming has ecologically-relevant effects and that future studies should strive for
more realistic warming treatments to increase their predictive power and reliability of results.
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3.2

Introduction
Climate change is expected to have effects on species and their ecological interactions, but

predicting these effects is difficult because of complex interspecific interactions within
communities (Davis et al. 1998, Van der Putten et al. 2010, Blois et al. 2013, Urban et al. 2016).
While initial climate change work largely emphasized the implications for plants and resulting
bottom-up effects on other species (Koricheva and Hayes 2018), recent work has revealed that top
trophic-levels are often more sensitive to alterations in natural climatic patterns (Voigt et al. 2003,
Ripple and Van Valkenburgh 2010), and their responses can have important top-down effects
(Zarnetske et al. 2012). Specifically, climate warming can influence predator functional traits, such
as consumption rates (Wu et al. 2011), and cause habitat shifts (Barton and Schmitz 2009), which
can then affect lower trophic levels. Thus, understanding how predators are affected by climate
warming is fundamental to our understanding of communities in the Anthropocene.
Despite increasing numbers of published examples on the effects of warming on food webs
(Barton 2017), it remains unclear how well experimental studies predict effects of actual climate
change. Effects of temperature are context-dependent, so subtle differences between experimental
treatments and actual climate warming could produce misleading inferences about effects of
warming (Hoover and Newman 2004, Wolkovich et al. 2012, Thompson et al. 2013, Langley et
al. 2018). While evaluating every nuance of warming within an ecosystem is logistically infeasible,
incorporating variability and realistic temporal patterns of temperature is an important step towards
more realistic experiments.
Recent investigations demonstrate that Earth is not warming at a constant rate, but is
instead warming in complex ways that can have a similarly complex influence on ecological
responses (Clark et al. 2014, Buckley and Huey 2016, Stoks et al. 2017). Empirical observations
40

and climate models have revealed that warming is occurring asymmetrically within a 24 hr day,
with night temperatures generally increasing more than day temperatures (Easterling et al. 1997,
Vose et al. 2005, Davy et al. 2017). Whereas the direct effect of night-warming on plant
communities has been investigated (Turnbull et al. 2002, Volder et al. 2007, Peng et al. 2013,
Peraudeau et al. 2015, Yang et al. 2016), effects on higher trophic levels are less frequently
examined. Thus, our current understanding of how predators and their top-down effects are
influenced by climate change is based on over-simplified warming treatments that
disproportionately warm during the daytime or increase temperatures constantly throughout a 24hr
day. This is troublesome because the few empirical examples that exist (Miller et al. 2017, Barton
and Schmitz 2018), as well as metabolic theory (Speights et al. 2017), suggest that day and night
warming may have contrasting effects on predators.
A predator’s influence within a food web is dependent on myriad traits, including
generation time, body size, consumption rate, and metabolic demands (Gravel et al. 2016, Schmitz
2017). Since these functional traits can be influenced by temperature (McGill et al. 2006, Englund
et al. 2011, Uiterwaal and DeLong 2018) and could respond differently when the timing of
warming is shifted, it is important to learn how asymmetric warming could impact predator lifehistory characteristics. For example, longer predator generation times could lead to increased body
size and, therefore, increased prey consumption. However, a decreased rate of development also
could expand the time an individual is vulnerable to predation. Understanding how predators will
respond to climate change is not just a theoretical exercise, but may also be important for applied
issues including the biological control of pest species (Logan et al. 2003, Thomson et al. 2010).
For example, aphids are among the most common herbivorous pests and are often
controlled by a suite of predators (Luff 1983, Losey and Denno 1998, Koch 2003). Lady beetles
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provide an important ecosystem service by consuming aphids and controlling their populations,
which can reduce reliance on chemical pesticides to prevent crop damage (Ragsdale et al. 2011).
In particular, the multicolored Asian lady beetle, Harmonia axyridis (Coleoptera: Coccinellidae),
has been shown to consume proportionally more aphids than other coccinellids (Lucas et al. 2002,
Costamagna and Landis 2007, Finlayson et al. 2010), making them an influential biocontrol agent
of many aphid species. Because these lady beetles have become an integral part of agroecosystems
and integrative pest management strategies, understanding effects of warming on their functional
traits and ability to control aphids has important agricultural applications.
Lady beetles and aphids are commonly used in climate-warming experiments and modeling
efforts (Lamana and Miller 1998, Abbott et al. 2014, Zhang et al. 2014), and these established
studies can be used to generate useful predictions and among-study comparisons. For example,
lady beetle egg survival and the time spent in egg and early developmental stages are influenced
by constant and variable temperature treatments (Lamana and Miller 1998, Zhang et al. 2014),
which could influence their susceptibility to intraguild predation (Pell et al. 2008) and alter
predator populations. Because these species can be studied in the laboratory, they are especially
useful for investigating nuanced effects of warming on predator traits.
Our study examines how different patterns of warming impact lady beetle functional traits
that are fundamental to top-down control of their prey. We conducted three sets of experiments
(Development, Predation, and Metabolic; Fig. B. 1 ‘Experiments’) to evaluate several predictions.
First, we evaluated the effect of four different warming scenarios (ambient, constant, day, or night)
on lady beetle development rates from egg to adulthood, as well as survival and final body mass.
Secondly, we asked the question: are there differences in predator foraging rates between
individuals reared in, or introduced to, different warming environments? For this experiment we
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measured predation rates of the reared adult lady beetles under each warming scenario to evaluate
effects of warming and acclimation. Finally, to evaluate how different temperature scenarios may
influence predator’s ability to tolerate extreme heating events, we measured lady beetle respiration
rates at high temperatures. Overall, these experiments allow us to test the hypotheses that the
timing of warming matters for predators and their prey, and that different functional traits may be
affected by warming in different ways.
3.3

Methods
All experiments were conducted in plant growth chambers (Percival, Model: E41L2C8,

Perry, Iowa, USA) at Mississippi State University in Spring 2018. The four temperature treatments
were ambient with mean: 19℃ (14/24℃, min/max) and three warming treatments with means
23℃: constant (18/28℃), day (14/32℃), and night warming (22/24℃) (Table A. 1). The ambient
temperature represented the lady beetles thermal optimum (Soares et al. 2003, Wang et al. 2009),
and a mean temperature increase of 4℃ represented the predicted mean global temperature
increase (IPCC 2014). All growth chambers were programmed to maintain 40% relative humidity
and a 12/12h light/dark cycle. Temperature increases occurred at rate of 1℃ every 2.5 minutes and
temperature decreases occurred at a rate of 1℃ every minute. Lady beetles and pea aphids,
Acyrthosiphon pisum (Homoptera: Aphididae), were obtained from laboratory colonies maintained
at Mississippi State University. The lady beetle colony was established with wild-caught
individuals from locations near Starkville, MS, and was supplemented each year to maintain
genetic variation and natural phenotypes. Because pea aphids are parthenogenic, all aphids in the
study were genetically identical clones (clonal line a2a; pink/red color). Aphid colonies were
maintained on fava bean plants (Windsor variety; Johnny’s Selected Seeds Winslow, Maine,
USA).
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3.3.1

Experiment 1: Developmental traits
To determine how warming influenced survival and development rates, we raised lady

beetles from egg to adulthood in four temperature treatments. To produce eggs for the experiment,
ten adult lady beetles were placed in each of two plastic containers (five males and five females in
each container) and fed ad libitum for two days to encourage mating. We then determined sex of
each lady beetle by the shape of the distal margin of the fifth visible abdominal sternite (male:
concave, female: convex; (McCornack et al. 2007). Individual females were placed in individual
petri dishes with mesh tops and fed aphids daily. Females were checked daily until eggs were
observed, at which time we separated the egg mass and placed single eggs into individual petri
dishes. Individual eggs were placed in each petri dish to combat egg or larvae cannibalism. We
randomly assigned each individual petri dish containing one egg to one of four growth chambers
and ensured relatively equal numbers of eggs from each brood placed into each growth chamber.
Mother was recorded on each petri dish so that we could use it as a random effect in our statistical
analyses. In total, 93, 96, 152, and 94 eggs were placed in the ambient, constant, day, and nightwarming treatments, respectively. Due to low hatching success in day-warming treatments, we
included more replicates in this treatment to ensure adequate numbers of larvae for subsequent
analyses. A total of eight mothers were represented in trait analyses, with only 2 of 8 not being
represented in all temperature treatments.
To reduce potential chamber effects, we reassigned the temperatures of the growth
chambers every three days, and the lady beetles were moved accordingly (Fajer et al. 1991). After
hatching, 26 1st instar larvae from each treatment were selected for continued monitoring and fed
pea aphids daily ad libitum throughout the experiment. All additional lady beetles were removed
from the experiment. We used 26 individuals because this was the lowest number produced (day44

warming treatment) and we wanted to continue with a balanced experimental design. Lady beetles
were checked every day to record development progress. The dates of the following developmental
events were recorded: egg laid, egg hatched (1st instar larvae), molt to 2nd, 3rd, and 4th instar,
pupation, and eclosion of adult. To obtain lady beetle body size, we weighed each lady beetle the
day following eclosion. One individual from the ambient, constant, and day-warming, and two
individuals from the night-warming, treatment did not reach adulthood and were excluded from
the development analyses.
3.3.2

Experiment 2: Predation traits
One week after eclosion, we began experiments to measure adult foraging rates in the four

temperature treatments. We used 24 adult lady beetles from each rearing treatment (Experiment
1), randomly assigning six beetles from each treatment to all four treatments in a fully-crossed
design. At this time, sex was not considered when assigning individuals to foraging treatments.
However, we did account for weight and that was used as a covariate in all statistical analyses. We
fed them aphids ad libitum for five days in the newly-assigned foraging treatment before beginning
the experiment. To standardize satiation levels among individuals, we removed all remaining
aphids from petri dishes and starved the lady beetles for 24 h. We then placed 20 aphids into each
petri dish for 2 h before returning to count and remove any remaining live aphids. This process
was completed on three consecutive days for each lady beetle. We returned each lady beetle to
their original rearing treatment after the completion of the predation trials. In the day and nightwarming foraging treatments, only four and five individuals, respectively, were represented from
the night-warming reared treatment. The constant foraging treatment had only four individuals
represented from the constant and ambient-warming reared treatments.
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3.3.3

Experiment 3: Metabolic traits
To determine if rearing conditions influenced acclimation and how lady beetles respond to

high temperatures, we measured their respiration rates at 32℃, which is equivalent to the highest
temperature present in our experiments (i.e., the maximum temperature in the day-warming
treatment). After the lady beetles were returned to their rearing treatment following the completion
of experiment 2, all lady beetles, still in their individual petri dishes, were placed in a common
room temperature environment (~23℃) for 24 h. Lady beetles were returned to their rearing
treatment to provide time for the completion of all predation experiments (different temperature
treatments reached ‘one week after eclosion’ at different times). We did this to standardize the
starting thermal conditions of all individuals, thereby isolating rearing conditions (experiment 1)
as the explanatory variable. At the conclusion of all experiments, we determined the sex of each
remaining lady beetle.
At 5-minute intervals, we returned each lady beetle to a growth chamber set to 32℃ to
measure respiration rates. Each lady beetle was placed into a respiration chamber (G113 FlowThrough Chamber, 1.6 cm ID x 10 cm L; Qubit Biology Inc., Kingston, Ontario, Canada) attached
to a stop flow-through system, with an airflow rate of 200 mL/min, and an infrared CO2 analyzer
(Stoltz et al. 2012) (Q-S151 model, 1 ppm resolution; Qubit Biology Inc., Kingston, Ontario,
Canada). Lady beetles were placed inside the respiration chamber 5 min after returning to the
growth chamber. The tube was flushed with ambient air and then sealed for 3 min before the system
was flushed again, and CO2 peaks were recorded. The CO2 analyzer readings were converted
using the formula: VCO2 (stop flow) = integral(CO2)*flow/(stop time)/1000 (Rogowitz and
Chappell 2000).
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3.3.4

Statistics
Data were analyzed in the R statistical programing environment (R Core Team 2016). We

used a generalized linear mixed effect model (GLMM) with binomial error distribution to analyze
lady beetle hatching success. Rearing temperature treatment was a four-level (ambient, constant,
day, or night-warming) fixed effect, and egg mother was used as a random effect. We used a linear
mixed-effects model (LMER) to analyze lady beetle development time and body weight. For the
development analysis, rearing temperature was a four-level fixed effect, and individual lady beetle
was treated as a random effect. Post-hoc tests (least square means) were separated based on life
stage (1st, 2nd, 3rd, and 4th instar, pupae, and adult). For the body weight analysis, rearing
temperature was a four-level fixed effect, and mother was treated as a random effect. Since sex
was not determined for all lady beetles that developed, sex was not included in this model.
However, a supplemental analysis on those lady beetles that survived all experiments, revealed no
interaction between sex and temperature on lady beetle weight (Fig. B. 2) Additionally, a chisquare test was used to determine that there were equal numbers of male and female remaining
lady beetles in all temperature treatments (Fig. B. 3). We used a GLMM with binomial error
distribution to analyze lady beetle aphid consumption. Rearing and foraging temperature
treatments were four-level (ambient, constant, day, or night-warming) fixed effects, weight was a
continuous covariate, and individual lady beetle was a random effect because each lady beetle’s
aphid consumption was measured on three separate days. Post-hoc tests (least square means) were
used to compare differences between the four-level temperature treatments as a whole and then
based on rearing and foraging temperature treatments. We used a linear model (LM) to analyze
beetle respiration rate. Weight was used as a continuous covariate for the analysis and rearingtemperature treatment was treated as a four-level factor.
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Inferences from these models are based on likelihood ratio tests that compared models with
and without target fixed effects and interactive effects. When needed, least square methods were
used to complete post-hoc Tukey tests. Model assumptions were evaluated visually using QQ
plots, residual plots, and likelihood profiles, as appropriate.
3.4
3.4.1
3.4.1.1

Results
Experiment 1: Developmental traits
Hatching success
Rearing temperature treatment had a significant effect on lady beetle hatching success

(df=3, Chisq=83.8, p<0.001; Fig. 3.1). Post-hoc tests revealed that day-warming reared lady
beetles had reduced hatching success (x̄=32%) when compared to ambient- (x̄=78%; P<0.0001),
constant- (x̄=62%; P<0.0001), and night-warming (x̄=74%; P<0.0001) reared lady beetles. Lady
beetles reared in constant-warming treatments had lower hatching success than those reared in
ambient conditions (P=0.053).
3.4.1.2

Development time
Rearing temperature had a significant effect on lady beetle development time (df=3,

Chisq=35.8, P<0.001; Table 3.1). For 1st instar through pupation we detected an effect of warming,
but no differences in development time, based on timing of warming. However, we did see effects
in the egg stage and total development (egg-adult).
Time to hatching was 13.5, 29.7, and 29.7% longer in the ambient-warming treatment (4.44
± 0.11d) compared to the day- (3.84 ± 0.07d; P<0.001), constant- (3.12 ± 0.06d; P<0.001), and
night-warming treatments (3.12 ± 0.06d; P<0.001), respectively. Eggs in day-warming treatments
had 18.7 and 19.7% longer development periods compared to constant- (P<0.001) and night48

warming treatments (P<0.001), respectively. We found no difference between the constant- and
night-warming treatments.
Total development time was 20.6, 24.8, and 23.6% longer in the ambient-warming
treatment (26.2 ± 0.23d) compared to the day- (20.8 ± 0.17d; P<0.001), constant- (19.7 ± 0.17d;
P<0.001), and night-warming treatments (20.0 ± 0.37d; P<0.001), respectively. Lady beetles in
day-warming treatments took 5.28% longer to develop than lady beetles in constant-warming
treatments (P=0.009). We found no significant differences between other treatment combinations.
3.4.1.3

Body weight
Lady beetle weight differed significantly among rearing-temperature treatment (df=3,

Chisq=17.3, P=0.0006; Fig. 3.2). Post-hoc test revealed an 8.57 and 11.4% significant reduction
in constant- (P=0.012) and night-warming (P=0.002) lady beetle weight compared to those lady
beetles reared in ambient conditions. Additionally, our results showed that lady beetles reared in
day-warming treatments tended to weigh 8.57% more than those reared in night-warming
conditions (P=0.060).
3.4.2

Experiment 2: Predation traits
Lady beetle aphid consumption differed based on rearing-temperature treatment (df=3,

Chisq=12.2, P=0.006; Table 3.2), foraging treatment (df=3, Chisq=13.2, P=0.004), and body
weight (df=1, Chisq=21.1, P<0.001). Aphid consumption by lady beetles placed in ambient- and
night-warming foraging conditions showed no effect of lady beetle rearing treatment. Aphid
consumption by beetles placed in day- and constant-warming foraging conditions showed effects
of lady beetle rearing treatment (P=0.041 and P=0.047, respectively). Post-hoc tests revealed that
in day- and constant-warming foraging conditions, ambient reared beetles consumed more aphids
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than day reared beetles (P<0.05). In day-warming foraging conditions, ambient reared beetles
consumed more than constant-warming reared beetles (P<0.05).
3.4.3

Experiment 3: Metabolic traits
Lady beetle respiration (uL/min) had a positive relationship with body weight (df=1,

F=32.9, P<0.001; Fig. 3.3), and differed based on rearing-temperature treatment (df=3, F=3.88,
P=0.012). Post-hoc tests revealed a significant respiration increase in the ambient-warming
compared to the day-warming reared lady beetles (P=0.008), but other pairwise interactions were
not significantly different.
3.5

Discussion
We found evidence from a laboratory experiment that climate warming can impact predator

functional traits that are important in top-down control of prey. Importantly, our results
consistently show that different types of warming (constant, day, and night) have different effects
on predators. This is concerning because most climate change studies use constant- or day-only
warming treatments (Speights et al. 2017), whereas much of climate warming is driven by higher
night temperatures (Davy et al. 2017). Thus, our study suggests that warming treatments that are
inconsistent with actual climate change could lead to incorrect conclusions about how predators
will respond to warming.
Warming as a whole (ambient versus warming treatments) influenced all ten of the traits
we evaluated, and the timing of warming mattered for five of the ten (Table 3.3). When comparing
day- and night-warming treatments specifically, the largest effects appeared to be at the egg stage,
and then effect size decreased with age. Importantly, inferences about how warming affects lady
beetles are different depending on treatment. Inferences from our day-warming results may be that
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predator populations will decline due to decreased hatching success and increased development
time that could expose them to intra- and interspecific predation (Chen and Chen 2018), but this
has yet to be explored. However, our night-warming treatments seemed to benefit lady beetles,
having no effect on hatching success, yet allowing them to develop faster. While reduced
generation time could increase population growth rates, lady beetles in night-warming treatments
were also smaller at adulthood, and we do not know how that may affect fitness. Smaller body size
did not seem to reduce their ability to control pests, as lady beetles reared in night-warming
treatments ate as many aphids as lady beetles from other treatments. Our results show that the
timing of warming can impact these predators in important ways that may affect predictions of
how climate change affects top-down control.
In addition to increases in mean warming, Earth’s climate is becoming more variable and
experiencing more extreme heating events (Thompson et al. 2013). We hypothesized that
asynchronous warming could make predators more or less susceptible to the effects of extreme
events. For example, if temperatures are warming asynchronously more in daytime, it may help
predators to acclimate to variable extreme high temperature events. Indeed, we found that lady
beetles from day-warming treatments had the lowest respiration rates when exposed to a high
temperature. In contrast, our results suggest that night-warming predators were at a disadvantage
when exposed to a high temperature, as they tended to have higher respiration rates than daywarming predators. Although nighttime warming did not benefit lady beetles by preparing them
for extreme heating, predators from this treatment did not appear more stressed than those from
ambient treatments.
Ecologists have been tasked with understanding and helping to predict effects of climate
change. Unfortunately, it is impossible to study the responses of all organisms to increasing
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temperatures, and therefore a trait-based approach to developing generalizable predictions
conducted in a controlled laboratory environment is essential. Despite some limitations, our work
illustrates two important points. First, different traits respond to warming in different ways, thus
making the net effect of warming difficult to predict. Consequently, it is essential that ecologists
think critically about the traits that we study and the implications of our assumptions about
remaining traits. Second, the timing of warming matters. Creating warming treatments is difficult
(Speights et al. 2018), especially in the field, yet the nuances of warming are influential. While
asymmetrical warming is not found equally across the globe, nighttime warming is commonly
driving increased mean temperatures. As such, we encourage researchers to consider the timing of
warming treatments carefully so that we can better understand effects of climate warming.
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Table 3.1

Development time (days) for each life stage.

* Figure insets display mean ± SE with letters denotating significant differences between
warming treatments (P<0.05).
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Table 3.2
Foraging
Environment

Proportion of aphids eaten by adult lady beetles when placed in foraging
environments.
Does rearing
treatment matter?

contrasts

Rearing Environment
z-ratio

p-value

Foraging

Ambient

n

y

ambient - constant
ambient - day
ambient - night
constant - day
constant - night
day - night

1.924
2.807
0.979
0.678
-0.993
-1.705

0.2178
0.0258
0.7612
0.9054
0.7534
0.3208

Day

y

ambient - constant
ambient - day
ambient - night
constant - day
constant - night
day - night

2.789
2.618
2.022
-0.476
-0.512
-0.036

0.0274
0.0439
0.1799
0.9644
0.9563
1

Night

n

Constant

*Lines represent predicted values (binomial error distribution) for each rearing treatment. For all
figure insets individuals reared in ambient conditions are represented by dark grey circles, constant
conditions are represented by black squares, day conditions are represented by grey diamonds, and
night conditions are represented by light grey triangles. Ambient and night-warming foraging
environments contrasts were left blank because no significant differences observed between the
rearing treatments.
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Table 3.3

The effect of warming and timing of warming on each evaluated trait.
Trait

Does warming matter?

Does the timing of warming matter?

Hatching Success
Development
Egg
1st
2nd
3rd
4th
Pupae
Adult Body Mass

y

y

y
y
y
y
y
y
y

y
n
n
n
n
n
y

Foraging
Environment

Does rearing warming
treatment matter?

Does the type of rearing warming
treatment matter?

Foraging
Ambient
Constant
Day
Night

n
y
y
n

y
y

Respiration
32℃

y

y
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Figure 3.1

Hatching success.

*Egg hatching success for each temperature treatment displayed as a percentage. Bars represent
mean hatching success. A significant reduction was observed between day and all other treatments
(all P<0.0001), as well as between constant and ambient treatments (P=0.053).
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Figure 3.2

Adult lady beetle weight.

*Adult lady beetle weight (mg) as a function of rearing temperature. Lady beetles in constant and
night-warming treatments weighed significantly less than ambient conditions (P<0.05), but other
pairwise comparisons were not significant.
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Figure 3.3

Lady beetle respiration.

*Respiration rate as a function of weight (mg) and rearing temperature (ambient – dark grey
circles, constant – black squares, day – grey diamonds, night – light grey (dashed line) triangles).
Lines represent predicted values and symbols represent raw data. Lady beetles reared in ambient
conditions had increased respiration rates compared to day-warming reared lady beetles (P<0.05).
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CHAPTER IV
CONTEXT DEPENDENT EFFECTS OF TROPHIC CASCADES UNDER NIGHT- AND
DAY-WARMING SCENARIOS
4.1

Abstract
Understanding the effects of climate change on trophic interactions is important for

predicting future community structure. Past research has shown that higher trophic levels are often
the most sensitive to change. This suggests that small increases in temperature could potentially
alter top-down control in ecosystems. In general, increases in mean global temperatures have been
disproportionately driven by increasing night (minimum) temperatures rather than day (maximum)
temperatures, whereas experiments tend to disproportionately increase day temperatures. Species
interactions are likely to be affected by increasing day temperatures differently than increasing
night temperatures, and therefore experiments may generate misleading predictions about the
effects of global climate warming. We investigated the impacts of four different temperature
regimes to test the hypothesis that the timing of warming has ecologically-relevant effects.
Specifically, we used a simple food chain comprising plants, pea aphid herbivores and lady beetle
predators to compare the effects of temperature treatment (ambient, constant, day, and night
warming) on plant biomass, aphid abundances, and predator foraging rates. To determine if
temperature treatments had different effects on top-down control on aphid density and plant
biomass, fava bean plants were assigned to one of the three trophic level treatments (plant, plants
and herbivores, or plants, herbivores, and predators). After four weeks, we recorded above-ground
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plant biomass and the number of aphids in each treatment. To evaluate predation rates under the
same four temperature regimes, lady beetles and aphids were placed in individual deli containers
inside chambers. We recorded the number of aphids eaten during the day (6:00-18:00) and night
(18:00-600). Our results show that the timing of warming influences predators and their
interactions with prey in several ways. In plant-only trophic treatments, all warming treatments
had a direct positive effect on plant biomass. When aphids were added, the positive direct effect
of warming on plants disappeared, but with a greater biomass reduction experienced in nightwarming treatments relative to day- and constant-warming treatments. When predators were added
we only detected an increase in plant biomass in night-warming treatments, despite lady beetles in
the day-warming treatments consuming more aphids throughout the 24-hour day. The interaction
between predator presence and warming treatment suggests that predators in night-warming
treatment were more efficient foragers, potentially due to a change in prey behavior. Our results
corroborate previous work demonstrating that predators mediate the net effects of warming and
that nuances in warming treatments may produce different conclusions about the net effects of
climate warming.
4.2

Introduction
Predators have important impacts on ecosystems through direct effects on prey and indirect

effects on the species that interact with prey (Schmitz 1998, Schmitz and Suttle 2001). The
importance of top-down control in terrestrial systems has been debated (Wootton 1994, Shurin et
al. 2002), and these arguments are complicated because the relative importance of top-down
control may differ interannually within the same systems and locations (e.g., (Meserve et al. 2003,
Noemi Mazia et al. 2004, Barton et al. 2009)). Thus, while empirical studies often report different
findings, synthesis across years and systems often reach the common conclusion that trophic
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cascades are context dependent and influenced by the abiotic environment (Chamberlain et al.
2014, Rosenblatt and Schmitz 2014). This is alarming because the environment is changing in
innumerable ways, and small increases in temperature can impact ecosystems (Leemans and
Eickhout 2004) with higher trophic levels typically being the most sensitive to environmental
change (Voigt et al. 2003, Ripple and Van Valkenburgh 2010).
Inherent in a climate change study is the assumption that researchers are interested in
predicting the effects of contemporary climate change occurring on Earth, and less interested in
predicting the effects of a climate change that is not expected to occur on our planet. Thus, given
that species interactions are context dependent and that subtle changes in abiotic factors can affect
results, climate change studies need to be as realistic as possible to increase our ability to generate
the most accurate predictions. However, implementing realistic warming treatments, especially in
the field, can be difficult because of logistical constraints (De Boeck et al. 2015). For example,
electricity is rarely available, and therefore warming treatments are often created with passive
chambers that rely on solar energy to increase temperatures (Aronson and McNulty 2009). These
designs tend to disproportionately warm during the day when solar energy is high and produce
relatively little warming effect during the night (Speights et al. 2018). This is concerning because
in some locations minimum temperatures are rising at a faster rate than maximum temperatures
(Easterling et al. 1997, Davy et al. 2017) and organisms are expected to respond differently to day
and night warming (Speights and Barton 2019). Consequently, warming experiments that do not
use accurate warming treatments may generate misleading predictions about the effects of climate
change (Speights et al. 2017, Speights and Barton 2019).
Research comparing day and night warming has mostly focused on the direct effects of
warming on plants. While the specific results vary among study and species, the overarching
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conclusion is that night and day warming frequently have different effects (Peng et al. 2004, Bai
et al. 2012, Fan et al. 2015, García et al. 2015, Loka and Oosterhuis 2015, Fu et al. 2016, Rossi
and Isabel 2017). Fewer studies have focused on species interactions under night-warming
conditions, and those that do typically do not determine if the effects differ in day-warming
conditions (e.g. Miller et al. 2017). However, Barton and Schmitz (2018) recently revealed that
spiders had contrasting responses to day and night warming that generated opposite indirect effects
on plant communities. Similarly, Speights and Barton (2019) have shown day and night warming
can have different impacts on lady beetle development, predation, and respiration rates. Although
the examples are limited, there is consistent evidence that the timing of warming matters and using
the wrong timing can greatly influence results.
Unfortunately the impacts of asymmetric temperature changes on ecosystems continues to
be understudied (Thompson et al. 2013, Gaston 2019). Therefore, we examined how the timing of
warming affected a simple food chain comprising fava bean plants, Vicia faba, pea aphid
herbivores, Acyrthosiphon pisum (Homoptera: Aphididae), and lady beetle predators, Harmonia
axyridis (Coleoptera: Coccinellidae). We compared the effects of four temperature treatments
(ambient, constant, day, and night warming) on predator foraging rates, aphid abundance and plant
biomass. We hypothesized that the different types of warming could alter the net effects of
warming on these species.
Specifically, we expected day warming to increase top-down control by lady beetles.
Studies have reported both positive and negative effects of day warming on A. pisum population
growth rates (Harmon et al. 1998, Ryalls et al. 2013). In general, H. axyridis predation rates are
expected to increase with warming (Barton and Ives 2014, Schwarz and Frank 2019) and therefore
are expected to ameliorate any positive effects of day warming on aphid abundance. In contrast,
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we expected night warming to decrease top-down control by lady beetles. While night warming
was expected to increase A. pisum growth rates (Miller et al. 2017), H. axyridis relies on vision to
find prey and therefore consumes fewer aphids in low-light conditions (Harmon et al. 1998). Thus,
darkness was expected to prevent H. axyridis from increasing predation rates in night warming
treatments, and result in different effects of day and night warming on aphid abundance and plant
biomass.
4.3

Methods
Pea aphids are phloem feeders, commonly found on crops such as alfalfa, Medicago sativa,

in large, sometimes economically damaging, numbers (Cuperus et al. 1982). They reach large
population sizes by reproducing through parthenogenesis (MacKay et al. 1993). Multicolored
Asian Lady beetles are aphidaphagous predators, which were introduced to North America
numerous times as biological control agents (Koch 2003). These lady beetles have become an
important part of agroecosystems, and their predation helps generate a trophic cascade that can
benefit crops (Cardinale et al. 2003).
Lady beetles and pea aphids used in this study were obtained from laboratory colonies
maintained at Mississippi State University. The lady beetle colony was established with wildcaught individuals from locations near Starkville, MS and was supplemented each year to maintain
genetic variation and natural phenotypes. Because pea aphids are parthenogenic, all aphids in the
study were genetically identical clones (clonal line a2a; pink/red color). Aphid colonies were
maintained on fava bean plants (Windsor variety; Johnny’s Selected Seeds, Winslow, Maine,
USA).
All experiments were conducted in plant growth chambers (Percival, Model: E41L2C8,
Perry, Iowa, USA) at Mississippi State University in Spring 2018. The four temperature treatments
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were an ambient treatment with a 19℃ mean temperature (14/24℃, min/max) and three warming
treatments that each had 23℃ means, but differed in their minimum and maximum temperatures
in the following ways: constant (18/28℃), day (14/32℃), and night warming (22/24℃) (for
additional details see Table 4.1). For our methods, ambient represents a reference temperature
commonly encountered by these insects. All growth chambers were programmed to maintain 40%
relative humidity and a 12/12h light/dark cycle.
To determine if temperature treatments had different effects on top-down control of aphid
density and plant biomass, we conducted a 4 x 3 factorial experiment crossing temperature
treatments (ambient, day, night, and constant warming) and trophic levels (plant (P), plant +
herbivore (PH), and plant + herbivore + predator (PHP)). Four fava bean seeds were planted in 15
soil pots and placed into a growth chamber. Each pot was watered at least every other day
throughout the duration of the experiment. After 14 days, we removed the weakest of the four
plants, leaving three plants, and then covered the pot with a clear plastic cylinder (20.32cm d x
30.48cm ht) and insect mesh top. Additionally, mesh covered openings (5cm x 7cm) were cut from
each cylinder to allow for air flow.
Each pot was assigned to one of the three trophic-level treatments. Pots assigned to PH and
PHP treatment pots received ten aphids per plant (30 aphids per pot). After six days of aphid
population growth, we began acclimating lady beetles by placing them in petri dishes and
randomly assigning them to growth chambers. On day seven, we counted the number of aphids in
each pot to determine initial aphid abundance at the beginning of the experiment. Immediately
afterwards, PHP treatments were stocked with one adult lady beetle per pot. One week later, lady
beetles were removed and the number of aphids on each plant were counted. Plants were placed in
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paper bags and dried at 60°C for 48 hours. After 48 hours, dried plants were weighed on an
electronic balance (Mettler Toledo PL602-S).
We performed another experiment to determine if consumption of aphids by lady beetles
differed due to temperature treatments. We placed lady beetles (8 individuals per block x 3 blocks
for each of 4 temperature treatments) in an individual deli container inside a growth chamber set
at one of the four temperature treatments. Lady beetles were fed aphids ad libitum daily. After a
five-day acclimation period, lady beetles were given 50 aphids in 12-hour intervals (6:00-18:00
and 18:00-6:00). After each twelve-hour interval, the number of aphids were counted. Any
remaining aphids were removed, and 50 new aphids were given to each lady beetle. This process
continued for three days. Lady beetles were returned to the lab colony after the experiment. This
process was replicated three times for each temperature treatment. One lady beetle in the ambient
treatment did not survive the acclimation period, leaving 23 total lady beetles in that treatment. All
other treatments produced data from 24 lady beetles.
Data were analyzed in the R statistical programing environment (R Core Team 2016). We
used a linear mixed-effects model to analyze aphid abundance and plant biomass. While count
data are often Poisson distributed, this distribution can converge onto a normal distribution.
Therefore, we compared a normal and Poisson model using the Akaike information criterion (AIC)
estimator and selected the normally distributed model for further analyses. Warming type was a
four-level (ambient, constant, day, or night) fixed effect and experimental block was used as a
random effect. Post-hoc tests (least square means) for aphid abundance were separated and tested
based on predator presence or absence. Post-hoc tests (least square means) for plant biomass were
separated and tested based on trophic level (P, PH, and PHP).
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We evaluated lady beetle predation rate using a general linear mixed-effects model with
binomial error distribution. Time was a two-level (day or night) fixed effect, warming type was a
four-level (ambient, constant, day, or night) fixed effect and experimental block was used as a
random effect. A separate model was generated to compare lady beetle predation throughout the
24-hour day. For the 24-hour model warming type was a four-level (ambient, constant, day, or
night) fixed effect and experimental block was used as a random effect. Inferences from the models
are based on likelihood ratio tests comparing models with and without the specific predictor
variables (e.g., temperature treatment and time of day). Post-hoc tests (least square means) for
proportion of aphids consumed were tested to determine treatment level differences.
4.4
4.4.1

Results
Plant biomass
There was not an interaction between warming treatment and trophic level (df=6,

Chisq=7.98, p=0.24) on above-ground plant biomass, although there were individual effects of
warming treatment (df=3, Chisq=16.18, p=0.001 ; Figure 4.1) and trophic level (df=2,
Chisq=27.88, p<0.001). In the absence of an herbivore and predator, plant biomass was
significantly larger in constant- (1.03±0.05g, p=0.048), day- (1.05±0.06g, p=0.029), and nightwarming treatments (1.09±0.06g, p=0.007) relative to the ambient treatment (0.79±0.05g). In the
absence of a predator there was not a significant effect of warming treatment on plant aboveground biomass (df=3, Chisq=5.45, p=0.14). When all three trophic levels were present, warming
treatment tended to have an effect on above-ground plant biomass (df=3, Chisq=6.57, p=0.087),
with an increase in the night-warming treatment (0.92±0.09g) compared to ambient (0.65±0.04g),
constant (0.73±0.11g), and day-warming treatments (0.66±0.08g).
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4.4.2

Aphid abundances
There was not an interaction between predator presence or absence and warming treatment

on aphid abundances (df=3, Chisq=6.78, p=0.079 ; Figure 4.2), although there were individual
effects of warming treatment (df=3, Chisq=56.26, p<0.00 ; Figure 4.1) and predator presence or
absence (df=1, Chisq=11.06, p<0.001). In the absence of predators, warming affected aphid
abundance (df=3, Chisq=39.22, p<0.001). Specifically, there were fewer aphids in the ambient
treatment compared to all other warming treatments (all p’s<0.01). There was not a difference
between the constant treatment and day or night treatments (all p’s>0.1), although there was a
higher abundance of aphids in the night-warming treatment compared to the day-warming
treatment (p=0.0071). In the presence of predators, warming had an effect on aphid abundance
(df=3, Chisq=21.44, p<0.001). Specifically, there were fewer aphids in the ambient treatment
compared to all other warming treatments (all p’s<0.01). There were no differences between any
of the warming treatments (all p’s=0.9).
4.4.3

Predation rates
Aphid consumption by lady beetles was significantly impacted by the interaction of

warming treatment and time of day (day v. night) (df=3, Chisq =209.76, p<0.0001; Figure 4.3).
Lady beetles in day-warming treatments consumed the most aphids during the day (6:00-18:00)
(all p’s<0.0001), and night-warming treatments consumed the most aphids during the night (18:006:00) (all p’s<0.001). When the data were combined to represent total aphids eaten throughout a
24-hour period, there was a significant effect of warming treatment on consumption (df=3,
Chisq=402.76, p<0.0001). All warming treatments increased lady beetle consumption relative to
the ambient treatment (all p’s<0.0001).
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4.5

Discussion
Our results corroborate previous studies that show climate warming can influence top-

down control of herbivores and plants by predators. This research contributes to a growing
appreciation for the context dependency of warming and demonstrates that the timing of warming
can mediate the net effect on a community. Specifically, our experiment showed different results
for night warming compared to day and constant warming. We detected evidence of a trophic
cascade in night warming treatments that was not apparent in day- or constant-warming treatments.
These results shed light on the effects of asymmetrical warming, an underappreciated nuance in
environmental change, and the potential consequences of its absence in climate change studies.
In the absence of predators and herbivores (P treatment), we found that all warming
treatments had a positive direct effect on above-ground plant biomass. This result is not shocking,
as climate warming commonly increases plant biomass (Lin et al. 2010). However, when aphids
were added the positive direct effect of warming on plants was negated. Aphids reduced plant
biomass in all warming treatments relative to the biomass of plants grown without aphids. Nightwarming plant biomass decreased at a higher magnitude compared to constant- and day-warming
treatments. This effect could be attributed to constant and day warming having a moderately
positive effect on aphids that increased their abundance approximately three times above that
found in ambient treatments (Figure 4.2). However, in the night-warming treatments, aphids
benefited significantly more and reached the highest abundances of any treatment, approximately
1.5 times as high as the other warming treatments and four times larger than ambient treatments.
As such, the positive direct effect of night warming on plant biomass offered no reprieve, and
aphids suppressed final plant biomass so that ambient- and night-warming treatments did not
differ. Such different responses of aphids to day and night warming are not unexpected. For
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example, night warming has been shown to increase pea aphid abundances (Miller et al. 2017)
whereas increased day temperatures can cause heat stress that reduces reproduction rates (Harmon
et al. 2009).
The presence of a predator (PHP treatment) reduced aphid abundances in all temperature
treatments except day warming and all warming treatments had higher aphid abundances than the
control (Figure 4.2). When predators were present, the final aphid density did not differ among the
three warming treatments. This result is somewhat consistent with data from the predation rate
experiment. That is, lady beetles increased predation rates when warmed, with day-warmed
beetles consuming the most aphids during the day and night-warmed beetles consuming the most
aphids at night (Figure 4.3). Inexplicably, the total consumption over 24 hours differed amongst
all warming treatments, yet aphids still reached similar abundances in the tritrophic experiment.
Such inconsistencies suggest that there are subtle effects of warming within the tritrophic system
that are beyond the scope of this study.
Despite the predators in day-warming treatments consuming the most aphids in the
foraging experiment, we only detected a trophic cascade with night warming (Figure 4.1). The
mechanisms driving the lack of a trophic cascade in day-warming treatments is unknown but not
undocumented in the literature. For example, Flynn et al. (2006) only documented a reduction in
plant biomass in their highest warming treatment, regardless of ambient and warmed treatments
having similar aphid population sizes. They hypothesized this outcome could be a result of
increased aphid development rate or decreased aphid metabolic efficiency. Nonetheless, both
Flynn et al. (2006) and our study supports the result that similar aphid population sizes can have
different effects on plant biomass.
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Trophic cascades have long been documented in ecosystems. At current we are still
learning how this and many other processes will be impacted by future environmental change. This
study provides a first step for evaluating top-down control in different environmental warming
scenarios. As reported in other systems (Barton and Schimtz 2018), we show that night warming
and day warming produced completely different indirect effects that cascade through the system.
These results suggest that experiments that use warming treatments that are inconsistent with
projected changes could lead to incorrect conclusions about the net effect of climate change on
species interactions. We urge ecologists to think carefully about the realism of their climate
manipulations and the implications of drawing conclusions from unrealistic studies.
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Table 4.1

Daily temperature ranges (°C).

Treatment
Ambient
Ambient
Ambient
Ambient
Constant
Constant
Constant
Constant
Day
Day
Day
Day
Night
Night
Night
Night

Time Temperature
0
14
600
19
1200
24
1800
19
0
18
600
23
1200
28
1800
23
0
14
600
23
1200
32
1800
23
0
22
600
23
1200
24
1800
23
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Figure 4.1

Plant above-ground biomass for each trophic level.

* Plant above-ground biomass for each trophic level (plant (P), plant + herbivore (PH), and plant
+ herbivore + predator (PHP)) and temperature treatment. In P treatments, all warming types
increased plant biomass. In PH treatments, all warming types decreased plant biomass with the
largest reduction occurring in night-warming conditions. In PHP treatments, only night-warming
conditions showed a trophic cascade by increasing plant biomass relative to PH treatments. Each
point represents the mean value with standard error bars.
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Figure 4.2

Number of aphids.

* Number of pea aphids on three plants after one week in the presence or absence of lady beetle
predators in four different temperature treatments. All warming treatments increased aphid
abundances, but no differences were seen between warming treatments when lady beetles were
present. Each point represents the mean value with standard error bars.
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Figure 4.3

Proportion of aphids consumed.

* Proportion of aphids consumed (out of 50 for day and night and 100 for 24 hour) for lady beetles
that had been acclimated to a temperature treatment for 5 days. Day represents 6am-6pm and night
represents 6pm-6am. Day-warming beetles consumed the most during day and night-warming
beetles consumed the most during the night. Each point represents the mean value with standard
error bars.
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Table A.1

Studies used in meta-analysis.

Study ID

Author

Year

Journal

Goal
CW?

Type of
CW

Experiment
Type

CW
Method

Time of
Year

Country

1

Crowther T.W., et al.

2015

P Natl Acad Sci USA

y

constant

field

active

September

United States

2

Barton B.T. and Schmitz O.J.

2009

Ecol Lett

y

day

field

active

July

United States

3

Buse A., et al.

1999

Funct Ecol

y

constant

field

active

May

United Kingdom

4

Miller C.R., et al.

2017

P Roy Soc B-Biol Sci

y

night

field

passive

July

United States

5

Robinson A., et al.

2017

Oecologia

y

static

field

passive

July

United States

6

Maran A.M. and Pelini S.L.

2016

Ecosphere

y

constant

field

passive

August

United States

7

Pelini S.L., et al.

2015

PLoS ONE

y

constant

field

passive

July

United States

8

Barton B.T. and Ives A.R.

2014

Ecology

y

day

field

passive

July

United States

9

Marquis M., et al.

2014

Ecology

y

constant

field

passive

July

United States

10

Laws A.N. and Joern A.

2013

Oikos

y

day

field

passive

July

United States

11

Wu X., et al.

2011

Ecol Monogr

y

day

field

passive

July

China

12

Barton B.T.

2010

Ecology

y

day

field

passive

July

United States

13

Barton B.T., et al.

2009

Ecology

y

day

field

passive

July

United States

14

Beleznai O., et al.

2017

Sci Rep

y

static

lab

September

United States

15

Flores-Mejia S., et al.

2017

Food Webs

y

day

lab

July

Canada

16

Thakur M.P., et al.

2017

P Roy Soc B-Biol Sci

y

constant

lab

April

Germany

17

Drieu R. and Rusch A.

2017

Agr Forest Entomol

y

constant

lab

June

France

18

Flores-Mejia S., et al.

2016

Ecol Entomol

y

constant

lab

July

Canada

19

Puentes A., et al.

2015

Arthropod-Plant Inte

y

day

lab

July

Sweden

20

Karban R., et al.

2015

Ecol Entomol

y

static

lab

August

United States

21

Sentis A., et al.

2014

Ecol Lett

y

static

lab

July

Canada

22

Lang B., et al.

2014

Oikos

y

static

lab

July

Germany

23

Meisner M.H., et al.

2014

Ecol Monogr

y

static

lab

August

United States

24

Dyer L.A., et al.

2013

PLoS ONE

y

constant

lab

July

United States

25

Romo C.M. and Tylianakis J.M.

2013

PLoS ONE

y

day

lab

January

New Zealand

26

Vucic-Pestic O., et al.

2011

Glob Change Biol

y

static

lab

July

Germany

27

Bezemer T.M., et al.

1998

Oecologia

y

constant

lab

July

United Kingdom
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Table A.1 Continued.
Study ID

Author

Year

Journal

Goal
CW?

28

Sentis A., et al.

2017

Glob Change Biol

n

29

Dong H., et al.

2017

J Asia-Pacific Entomol

n

August

China

30

Michalko R., et al.

2017

Agric Ecosyst Environ

n

October

Czech Republic

31

Laws A.N. and Joern A.

2017

B of Entomol Res

n

July

United States

32

Vangansbeke D., et al.

2015

BioControl

n

July

Belgium

33

Laws A.N. and Joern A.

2015

Environ Entomol

n

August

United States

34

Sentis A., et al.

2013

Ecology

n

October

Canada

35

Chen Y.L., et al.

2013

Exp Appl Acarol

n

July

China

36

Sentis A., et al.

2013

Glob Change Biol

n

October

Canada

37

Ben-Ari M. and Inbar M.

2013

PLoS ONE

n

July

Israel

38

Wang H.-L., et al.

2013

J Ecol Rur Environ

n

July

China

39

Sentis A., et al.

2012

Oecologia

n

October

Canada

40

Lang B., et al.

2012

J Anim Ecol

n

May

Germany

41

Bordenstein S.R. and Bordenstein S.R.

2011

PLoS ONE

n

September

United States

42

Bannerman J.A., et al.

2011

Ecol Entomol

n

July

Canada

43

Kazemi F., and Mehrnejad M.R.

2011

Eur J Entomol

n

July

Iran

44

Lin Z., et al.

2010

Acta Ecol Sinica

n

August

China

45

Michel C.L. and Bonnet X.

2010

Physiol Biochem Zool

n

May

France

46

Hartbauer M., et al.

2010

PLoS ONE

n

July

Bulgaria

47

Abou-Awad B., et al.

2010

Acta Phytopathol Hun

n

August

Egypt

48

Ahn J.J., et al.

2010

J Appl Entomol

n

July

Korea

49

Korenko S., et al.

2010

J Therm Biol

n

January

Czech Republic

50

Jalali M.A., et al.

2010

BioControl

n

July

Belgium

51

Harmon J.P., et al.

2009

Science

n

July

United States

52

Fantinou A.A., et al.

2008

Biol Control

n

September

Greece

53

Pervez R.

2008

Arch Phytopathol PFL

n

April

India

54

Pekár S. and Hubert J.

2008

J Stored Prod Res

n

July

Czech Republic

55

Kruse P.D., et al.

2008

Ecol Entomol

n

September

Denmark
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October

Canada
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Author

Year

Journal

Goal
CW?

56

Millan S.M.C., et al.

2007

Insect Sci

57

Fu Y.-G., et al.

2007

58

Huang Z., et al.

2006

59

Mahdian K., et al.

2006

60

Kroder S., et al.

61

Ricci C., et al.

62
63
64

Type of
CW

Experiment
Type

CW
Method

Time of
Year

Country

n

July

Belgium

Chin J Ecol

n

July

China

Chin J Appl Ecol

n

July

China

B of Entomol Res

n

August

United States

2006

Physiol Entomol

n

July

United States

2006

Eur J Entomol

n

November

Italy

Iikber A.A.

2005

Turk J Agricul For

n

July

Turkey

Sengonca C., et al.

2005

J Pest Sci

n

July

Turkey

Bilgrami A.L., et al.

2005

Nematology

n

July

United States

65

Schenk D. and Bacher S.

2004

J Appl Entomol

n

August

Switzerland

66

Civantos E., et al.

2004

Evol Ecol Res

n

April

Spain

67

Sengonca C. and Arnold C.

2003

Z Pflanzenk Pflanzen

n

April

Germany

68

Xia J.Y., et al.

2003

Environ Entomol

n

July

China

69

Reddy G.V.P., et al.

2002

J Chem Ecol

n

July

Spain

70

Sengonca C. and Saleh A.

2002

Z Pflanzenk Pflanzen

n

July

Spain

71

Ayre K.

2001

J of Appl Entomol

n

July

United Kingdom

72

Mohaghegh, D.T.

2001

J Appl Entomol

n

July

United States

73

Toews M.D., et al.

2001

Biol Control

n

July

United States

74

El Habi M., et al.

2000

J Appl Entomol

n

May

Morocco

75

Rott A.S. and Ponsonby D.J.

2000

BioControl

n

February

United Kingdom

76

Schmalhofer V.R. and Casey T.M.

1999

Ecol Entomol

n

June

United States

77

Downes S.J. and Shine R.

1999

Oecologia

n

January

Australia

78

Verkerk R.H.J., et al.

1998

B of Entomol Res

n

June

United Kingdom

79

Foreman A. and Appelqvist S.

1998

Behav Ecol

n

June

Sweden

80

Chase J.M.

1996

Oikos

n

July

United States

81

Macrae I.V. and Croft B.A.

1993

Environ Entomol

n

July

United States

82

Stamp N.E., et al.

1991

Oecologia

n

July

United States

*Study ID = unique identifier for each study. CW = climate warming. Time of Year = represents the median month of experiment.
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Table B.1

Daily temperature ranges (°C) for each of the four temperature treatments.

Treatment
Ambient

Constant

Day

Night

Time Temperature
0
14
600
19
1200
24
1800
19
0
18
600
23
1200
28
1800
23
0
14
600
23
1200
32
1800
23
0
22
600
23
1200
24
1800
23
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Figure B.1

Experimental setup.

* Individuals developed from egg to adult in ‘rearing’ treatments (A = ambient, C = Constant, D
= Day, N = Night). Aphid consumption experiments were conducted in foraging treatments, after
which the beetles were returned to their ‘rearing’ treatments. Respiration rate experiments were
then conducted in a growth chamber set to 32℃.
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Figure B.2

Lady beetle weight by sex.

* Adult lady beetle weight (mg) as a function of rearing temperature. Gray boxes represent female
lady beetles and black boxes represent male lady beetles. These data represent only the remaining
lady beetles at the completion of the respiration experiment. There was no significant interaction
between sex and rearing temperature treatment (df=3, F=1.04, P=0.38).
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Figure B.3

Sex ratios.

* The number of male (black bars) and female (gray bars) lady beetles from each rearing
temperature treatment remaining at the conclusion of all experiments. There were no significant
differences in sex ratios for the rearing temperature treatments (df=3, Chisq=0.42, P=0.93).
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